The presence in human plasma of a protein that promotes bidirectional transfers of neutral lipids (cholesteryl esters and triglycerides) between all lipoprotein particles was fi rst reported in 1978 ( 1 , 2 ). This protein was identifi ed as cholesteryl ester transfer protein (CETP) and subsequently cloned in 1987 by Drayna et al. ( 3 ). CETP promotes the equilibration of cholesteryl esters and triglycerides between HDL, LDL, and triglyceride-rich lipoproteins (TRL), which include VLDL that are produced in the liver, intestinally-derived chylomicrons, and chylomicron remnants. As most of the cholesteryl esters in plasma originate in HDL in the reaction catalyzed by lecithin:cholesterol acyltransferase, and triglycerides mostly enter the plasma compartment as a component of TRL, this process of equilibration results in a net mass transfer of cholesteryl esters from potentially anti-atherogenic HDL particles to LDL and TRL, which are known to be atherogenic.
showing that plasma HDL cholesterol levels are inversely correlated with cardiovascular risk ( 10 ) . They also provided an incentive for testing the hypothesis that inhibition of CETP in humans is atheroprotective.
Initial preclinical studies were carried out in rabbits and hamsters using neutralizing monoclonal antibodies to CETP, which resulted in delayed HDL clearance and increased plasma HDL levels ( 11 , 12 ) . Plasma HDL-cholesterol levels were also increased in cholesterol-fed rabbits treated with antisense oligonucleotides against CETP and vaccine-derived anti-CETP antibodies. More importantly, all of these interventions reduced atherosclerotic lesion development in this animal model ( 13 , 14 ) .
Meanwhile, a number of drug discovery programs were underway with a view to producing pharmacological inhibitors of CETP for use in humans. The fi rst report of reduced atherosclerosis following pharmacological inhibition of CETP in cholesterol-fed rabbits was published in 2000 ( 15 ) . The inhibitor used in that study was JTT-705, now known as dalcetrapib. JTT-705 contains a thioester group that inhibits CETP activity by forming a disulphide bond with cysteine 13 of the protein. It also reduces atherosclerotic lesion size by approximately 70% in cholesterolfed rabbits ( 15 ) .
Torcetrapib, another CETP inhibitor that was developed at around the same time, was shown to attenuate neutral lipid transfers by a somewhat different mechanism that involved the formation of a complex with CETP and HDL ( 16 ) . Preliminary studies of torcetrapib in humans established that it was well tolerated ( 17 ) . It also inhibited atherosclerosis in cholesterol-fed rabbits ( 18 ) . In addition to raising HDL-cholesterol levels, torcetrapib when administered to humans either as a monotherapy ( 17 , 19 , 20 ) or in combination with atorvastatin ( 19 -21 ) , had the added benefi t of substantially reducing LDL-cholesterol levels as well as the levels of other apoB-containing lipoproteins.
It was thus quite unexpected to fi nd that torcetrapib treatment in humans did not reduce atherosclerosis in three imaging trials, and caused serious harm in a large clinical endpoint trial ( 22 -24 ) . Although these fi nding resulted in termination of the torcetrapib development program, subsequent investigations revealed that off-target adverse effects that were unrelated to CETP inhibition may have been responsible for the harm caused by the drug ( 25 ) . This possibility resurrected interest in CETP inhibition as a possible cardioprotective strategy, and the hypothesis is currently being tested with other CETP inhibitors, including dalcetrapib and anacetrapib, that do not share the off-target, adverse effects of torcetrapib ( 26 , 27 ) .
The aforementioned studies with torcetrapib, despite its serious adverse effects, have provided important insights into the underlying mechanisms by which CETP inhibition increases HDL levels and reduces the levels of LDL and other apoB-containing lipoproteins. For example, it was established using primed constant infusions of (5,5,5-2H
3 )-L-leucine that the increase in plasma HDL-cholesterol levels in torcetrapib-treated subjects was caused by delayed apoA-I catabolism irrespective of whether torcetrapib was given as monotherapy or in combination with atorvastatin ( 28 ) .
The underlying reasons for the torcetrapib-mediated reduction in LDL-cholesterol and apoB-containing lipoprotein levels were, by contrast, more complex. Treatment with torcetrapib alone increased the clearance of apoB-100 in intermediate density lipoproteins (IDL) and in LDL, presumably via increased expression of the LDL receptor ( 20 ) . VLDL apoB-100 clearance was also increased, possibly because the torcetrapib-mediated reduction in CETP activity inhibited the transfer of triglycerides out of the particles, which converted them into excellent substrates for lipoprotein lipase. Administration of torcetrapib in combination with atorvastatin also increased the clearance of apoB-100 in VLDL. However, in contrast to what was reported for treatment with torcetrapib alone, administration of torcetrapib in combination with atorvastatin reduced apoB-100 levels by increasing VLDL apoB-100 clearance and by reducing the production of apoB-100 in IDL and LDL ( 20 ) .
ApoB-48 is a C-terminally truncated version of apoB-100. It is encoded by the same gene as apoB-100 but is generated by a premature stop codon in intestinal apoB mRNA that causes apoB translation to terminate prematurely at residue 2152. ApoB-48 is associated with intestinally-derived lipoproteins that also contain apoE, such as chylomicrons and their catabolic products, chylomicron remnants. As the LDL receptor binding domain is missing from apoB-48, the lipoproteins with which it associates are removed from the circulation by receptors that recognize apoE.
Primed constant infusions of stable isotopes into normolipidemic humans have established that apoB-100 and apoB-48 are cleared from the circulation at comparable rates ( 29 ) . This suggests that the reduction in plasma levels of apoB-48 and apoB-100 in people treated with torcetrapib alone or in combination with atorvastatin should also follow similar kinetics. However, an article by Diffenderfer et al. ( 30 ) 
therapy reduces the level of apoB-48-containing lipoproteins levels by decreasing the rate of apoB-48 production and without changing the fractional catabolic rate of apoB-48. Moreover, this effect was no longer apparent in people that were treated with torcetrapib in combination with atorvastatin. This is the opposite of what the same authors reported previously, where torcetrapib monotherapy lowered the levels of apoB-100-containing lipoproteins by increasing their fractional catabolic rate ( 20 ) . As the samples that Diffenderer and colleagues used in the present study were obtained from the same subjects in which apoB-100 kinetics were investigated ( 20 ) , this unexpected observation cannot be attributed to a population effect. Although the authors do not describe a defi nitive mechanism for this unexpected and rather surprising fi nding, they speculate that it may be a refl ection of decreased availability of intestinal lipids and enhanced intracellular degradation of apoB-48 in people treated with torcetrapib. This remains to be demonstrated directly.
Although the present study has some important limitations, including a small number of subjects and an absence of a defi nitive mechanism for the reduction in apoB-48 production, it is nevertheless extremely thought provoking. It remains to be seen if the discrepancy regarding the effect of treatment with torcetrapib on the kinetics of apoB-100-and apoB-48-containing lipoproteins can be recapitulated in a different, and preferably larger, cohort. It also remains to be seen if this effect is also observed with the other CETP inhibitors that are currently being investigated in large-scale clinical outcome trials. Irrespective of whether or not this turns out to be the case, the present report provides compelling evidence that there are many metabolic and biological aspects of CETP inhibition that are not understood. We anticipate many more surprises will emerge from future studies of CETP inhibitors.
